We describe a protein family in Drosophila containing six adenosine deaminase-related growth factors (ADGFs), which are homologous to a mitogenic growth factor discovered in conditioned medium from cells of a different fly species, Sarcophaga. Closely related proteins have been identified in other animals, and a human homolog is implicated in the genetic disease Cat-Eye Syndrome. The two most abundantly expressed ADGFs in Drosophila larvae are ADGF-A, which is strongly expressed in the gut and lymph glands, and ADGF-D, which is mainly expressed in the fat body and brain. Recombinant ADGF-A and ADGF-D are active adenosine deaminases (ADAs), and they cause polarization and serum-independent proliferation of imaginal disk and embryonic cells in vitro. The enzymatic activity of these proteins is required for their mitogenic function, making them unique among growth factors. A culture medium prepared without adenosine, or depleted of adenosine by using bovine ADA, also stimulates proliferation of imaginal disk cells, and addition of adenosine to this medium inhibits proliferation. Thus ADGFs secreted in vivo may control tissue growth by modulating the level of extracellular adenosine.
D
uring animal development the growth of different tissues and organs is finely controlled by signals originating both within the developing structure and outside it. The intrinsic controls of tissue growth are often intimately connected with the mechanisms controlling the development of a covert or overt pattern of differentiation within the cell population (1) . For example, the Dpp and Wg signal transduction pathways in imaginal discs are required for normal cell proliferation as well as for the control of the developing pattern (2) . Extrinsic factors controlling tissue growth include hormones and polypeptide growth factors that are released in a regulated fashion either from central endocrine organs or from diffuse sources, and these often have tissue-specific functions. Extrinsic control of tissue growth is a familiar concept in mammals, where the main signals are growth hormone, insulin-like growth factors, and other polypeptide growth factors (3) . However, it is a relatively unexplored area of investigation in Drosophila and other insects. We are developing approaches to the investigation of extrinsic controls on tissue growth by using the imaginal discs of Drosophila as a model system. This work has already led to the identification of two families of secreted growth factors: the imaginal disk growth factors (IDGFs) (4) , which are related to chitinases, and the adenosine deaminase-related growth factors (ADGFs), which are the subject of this report.
Most known growth factors function by binding to cell surface receptors and activating signal transduction pathways. However, growth could also be regulated indirectly by proteins that control the level of low molecular weight substances such as adenosine, which is an important signaling molecule in mammals (5) . Here, we show that adenosine has a negative effect on growth of several Drosophila cell types, and that ADGFs stimulate cell growth by an indirect mechanism, depleting the levels of extracellular adenosine.
Materials and Methods
cDNA Clones. cDNAs encoding ADGF-A, -C, -D, and -E were obtained from Research Genetics (Huntsville, AL). cDNAs of Drosophila ADGF-B and adenosine deaminase (ADA) were predicted from genomic sequence (Celera Genomics; BDGPFlyBase Informatics (2000); http:͞͞hedgehog.lbl.gov:8000͞ annot͞) and prepared by reverse transcription-PCR using 5 g of total RNA isolated from adult Drosophila. The PCR primers for ADA were as follows: ada-F, 5Ј-CAAATGGAGCAGTT-TCTTAAAGG-3Ј; ada-R, 5Ј-ATTTGACCAATATGTCT-GCGTAG-3Ј. Primers for ADGF-B were as follows: gfb-F, 5Ј-CTAAAAGGGTTTCATTAACAGTAC-3Ј; gfb-R, 5Ј-TGGGCAACGAAAAGAGCTCAC-3Ј.
RNA Isolation and Northern Blots. Drosophila embryos, first-, second-, and third-instar larvae, pupae, and adult males and females, as well as larval organs and adult body parts, were used for total RNA isolation by using the commercial RNeasy kit from Qiagen (Chatsworth, CA). RNA aliquots (5 g) were separated by formaldehyde-agarose gel electrophoresis and transferred to Hybond-N nylon membranes (Amersham Pharmacia Biotech). The membranes were stained in 1% methylene blue to verify the integrity of rRNA bands. Hybridization and washing conditions were as recommended by the manufacturer of the nylon membrane. Hybridization probes were prepared by random priming of gel-purified cDNA inserts with [␣-32 P]dATP (Amersham Pharmacia Biotech).
In Situ Hybridization. Sense and antisense digoxigenin-labeled RNA probes were prepared from linearized vectors by using SP6 and T7 polymerases (Takara Shuzo, Kyoto) and digoxigenin labeling mixture (Roche Diagnostics; ref. 4) . Dechorionated embryos and partially dissected larvae were fixed and hybridized with RNA probes in 50% formamide, 5ϫ SSC, 250 g͞ml salmon sperm DNA, 50 g͞ml heparin, and 0.1% Tween 20 at 55°C (6) . Signals were detected by anti-digoxigenin-AB Fab fragments (Roche Diagnostics). There were no detectable signals from sense RNA probes except from the proventriculus.
Protein Expression Using Baculovirus. Baculovirus expression constructs were His-tagged at the C termini by using PCR from tailed primers, including sequences encoding six histidines. The constructs were sequenced and subcloned into the shuttle vector pVL1393 or pBlueBac4.5 (Invitrogen). Constructs were cotransfected with BaculoGold DNA into Sf9 cells, and recombinant baculoviruses were purified by plaque assay as described in the supplier's instructions (Invitrogen). Recombinant proteins were purified either from ''Ultimate serum-free medium'' (ADGF-A, ADGF-D) or from a cell lysate (ADGF-E and ADA) by using Ni-nitrilotriacetic acid (NTA) column and instructions from the manufacturer (Qiagen ADA Assays. Assays were performed by using continuous spectrophotometric measurement according to the published protocol (9) with modifications suggested in the instructions by Sigma. Recombinant proteins were incubated with 45 M adenosine, and the decrease of absorbance in 265 nm was measured for 5 min. For ADA activity of cell extracts, about 1 ϫ 10 7 cells were homogenized in 500 l of lysis buffer (50 mM Tris, pH 8.5͞5 mM ␤-mercaptoethanol͞100 mM KCl͞1 mM PMSF͞1% Nonidet P-40) and sonicated by 10 strikes of 2 s each. Extracts were centrifuged at maximum speed for 1 min in a microcentrifuge, and 10 l of extract was directly used for the assay. Activity measurements were corrected for protein concentration as measured by the Coomassie Protein Assay Reagent and protocol by Pierce.
Results
ADGFs. By searching databases for sequences encoding proteins related to the insect-derived growth factor from Sarcophaga cells (10), we identified six Drosophila genes encoding a family of ADGFs. The genomic organization of these genes is shown at our web site, http:͞͞mamba.bio.uci.edu͞ϳpjbryant͞lab͞ ADGFs͞index.htm, and has been independently described (11) . The genes include one triplet in tandem at 3L;74E2, encoding ADGF-A and ADGF-B, as well as ADGF-A2, previously reported as male-specific insect-derived growth factor, or MSI (12) . The ADGF-A2 gene is included within the 5Ј intron of the ADGF-A gene. Two genes in reversed tandem at 3R;87F12 encode ADGF-C and ADGF-D, and a single gene at 2R;51C1 encodes ADGF-E. Database searching also revealed expressed sequence tag (EST) clones corresponding to full-length cDNAs for Drosophila ADGF-A, -C, -D, and -E. We have obtained these clones and completed their sequencing. cDNA clones encoding ADGF-B and a homolog (CG11994) of authentic ADA from other organisms, which were predicted only from the genomic DNA sequence, were obtained by reverse transcription-PCR.
Partial sequence alignments of the predicted ADGF proteins are shown in Fig. 1a . They show 30-56% identity among themselves, and also show significant similarity to the sequence of ADA, especially in the conserved amino acid residues necessary for ADA catalytic activity (13) . All ADGFs have longer N termini than classical ADA enzymes. In ADGF-E, the glutamic acid residue involved in catalysis is replaced by glutamine 
ADGF-A (CG5992), ADGF-B (CG5998), ADGF-C (CG9345), ADGF-D (CG9621), ADGF-E (CG10143)
, and putative Drosophila ADA (CG11994) were predicted from genomic sequence and confirmed by cDNA sequencing. ADGF-A2 is a proposed new name for male-specific insect-derived growth factor (which equals MSI; FBgn0043025; ref. 12), which is needed because MSI is already in use for an unrelated gene. CECR1 is the predicted gene product from the human cat eye syndrome critical region (35) , which is more closely related to ADGFs than to ADA. Dark shading indicates agreement with a Ͼ50% identity consensus, and gray shading indicates agreement with a Ͼ50% similarity consensus. Complete alignment at http:͞͞mamba.bio.uci.edu͞ϳpjbryant͞lab͞ADGFs͞ index.htm. (b) Phylogenetic tree of the ADGF family. Drosophila ADGFs are compared with Sarcophaga (GenBank accession no. D83125), Glossina (accession nos. AAD52850 and AAD52851), and Lutzomyia (accession no. AF234182) homologs, as well as with several authentic ADAs (human, accession no. NM000022; mouse, no. NM007398; Caenorhabditis elegans, no. U61947; Streptomyces, no. AL589164; yeast Saccharomyces cerevisiae, no. NC001146; Arabidopsis, no. AL161501) and the Drosophila homolog (DrosADA) of authentic ADA. The length of each pair of branches represents the distance between sequence pairs, and the units at the bottom of the tree indicate the number of substitution events. Human CECR1 (accession no. 190746) is clearly a member of the ADGF rather than the ADA family. DrosADA (CG11994) falls within the ADA branch and is therefore considered a homolog of authentic ADAs rather than an ADGF, despite its lack of ADA catalytic activity.
(Gln-377), and two otherwise highly conserved aspartates are replaced by a glycine-serine pair (Gly-459, Ser-460). ADGF-A, -C, and -D have strongly predicted signal peptides (13) with putative cleavage sites within the N-terminal 32 aa, so these are very likely to be secreted proteins. For ADGF-B and -E, the predictions are weaker. Note, however, that mammalian ADA has been shown to be partly on the cell surface, but it has no predicted signal peptide so the mechanism of its transport to the surface is unclear (14) . Database searches showed genes encoding ADGF-related proteins in several other species, and the phylogenetic tree shows that ADGFs and classical ADA enzymes form distinct branches (Fig. 1b) .
Spatial and Temporal Pattern of ADGF Expression. Developmental Northern blots show that ADGF-A is expressed at all tested stages from embryo to adult (Fig. 2a) . ADGF-D is expressed only in postembryonic stages, with a lower level of expression in larvae and pupae and a higher level in adult males. ADGF-B and -E are expressed mainly in adult males, but weak expression is also detected in pupae. Northern blots using RNA from dissected larval tissues show that ADGF-A is expressed mainly in the gut, whereas ADGF-D is expressed mainly in the fat body (Fig. 2b) . In adults, both genes are expressed in both male and female (both in a head ϩ thorax extract as well as in the abdomen). In contrast, ADGF-B and -E are expressed in the adult only in the male abdomen, possibly reflecting testis-specific expression as described for ADGF-A2 (ϭ MSI).
ADGF expression was also analyzed by in situ hybridization to whole mounts using digoxigenin-labeled RNA probes. ADGF-A is first strongly expressed at the blastoderm stage at the anterior pole (Fig. 3a) , and, at stages 12-15, it is expressed at high levels in muscle precursor cells and at lower levels in the anterior region (Fig. 3b) . It is expressed in third-instar larval anterior and posterior midgut and lymph glands (Fig. 3 d and c, respectively) where the signal is perinuclear, as expected for a functional transcript. ADGF-D is expressed strongly in the fat body, and in specific areas of the larval brain ( Fig. 3 e and f ) . We did not detect any specific staining of larval tissues with ADGF-C or -E probes.
Recombinant ADGFs Are Mitogenic. To test whether ADGFs are mitogenic and to examine their possible ADA activity, we expressed recombinant ADGF-A, -D, and -E proteins in a baculovirus expression system. As expected from signal peptide predictions, ADGF-A and -D were secreted into the medium whereas ADGF-E was contained within the cell fraction. When separated by SDS͞PAGE, recombinant ADGF-A, -D, and -E ran as protein bands of 57-59 kDa, as predicted from the ORFs (data not shown).
The Drosophila imaginal wing disk Cl.8 ϩ cell line was chosen for the in vitro experiments because these cells were previously shown to be very sensitive to growth factors (4). These cells undergo morphological changes and die within 24 h in supplement-free medium (SFM; Fig. 4A ), whereas, in medium supplemented with fly extract, insulin, and 2% FBS (Fig. 4C ) or growth factors (e.g., imaginal disk growth factors or IDGFs), they survive well. On the addition of ADGF-A or ADGF-D to SFM, the cells display their characteristic elongated cell shape and pseudopodia (Fig. 4B) . The addition of ADGF-E does not have this effect and does not prevent cell death within 24 h. Varying concentrations of ADGF-A were added to the Cl. Table 1 ). ADGF-E does not show these effects on any of the tested cell types.
Some ADGFs Have ADA Activity, Which Is Necessary for Their Mitogenic Function. The similarity of ADGFs to ADA, especially the conservation of the amino acids necessary for catalytic activity, suggested that these proteins might be active ADAs. Using a spectrophotometric assay (9), we found that recombinant ADGF-A and ADGF-D are very active ADAs (ADGF-A showing 157 units͞mg, and ADGF-D showing 145 units͞mg) whereas ADGF-E does not show detectable activity. Because ADGF-A and -D have both mitogenic and enzymatic activities, whereas ADGF-E lacks both activities, the mitogenic activities of ADGFs may depend on their enzymatic activity. To test this hypothesis, we produced an enzymatically inactive ADGF-A by site-directed mutagenesis. Based on the similarity of ADGF-A and the known structure of mouse ADA (13), we substituted two amino acids (His-386,Ala-387 for Glu,Leu) in the catalytic domain (see Fig.  1a ) and expressed the mutant protein in a baculovirus expression system. This mutant ADGF-A lacks both enzymatic and mitogenic activities (data not shown), strongly suggesting that the mitogenic activity of ADGFs depends on their ADA activity.
As a further test of the activity hypothesis, we expressed in baculovirus a Drosophila homolog (gene CG11994) of authentic ADA from other organisms. Surprisingly, as with the mutated ADGF-A and ADGF-E, this protein showed no enzymatic activity or effect on growth of Cl.8 ϩ or S2 cells (data not shown). The lack of catalytic activity may be caused by substitutions (Fig.  1a) in the conserved catalytic sites in this Drosophila ADA as compared with authentic ADAs, especially the presence of Cys-199, Ala-200, where other homologs contain Ala,Gly. In contrast, commercial bovine ADA (catalytically active) strongly promotes growth of Drosophila Cl.8 ϩ cells in vitro (Fig. 5 A  and B) .
Adenosine Inhibits Growth of Cl.8 ؉ Cells, and ADGFs Might Act by
Depleting Extracellular Adenosine. ADAs catalyze the deamination of adenosine to inosine and of deoxyadenosine to deoxyinosine. If the conversion of adenosine to inosine were involved in growth control, we would expect that changes in the adenosine or inosine concentration in the medium would have an effect on cell growth and͞or on ADGF mitogenic activity. Adenosine at concentrations higher than 50 M is toxic for Cl.8 ϩ cells in SFM (Table 1) , but even higher concentrations of inosine have no detectable effect on growth. Other cell types show differences in sensitivity to adenosine, with S2 cells being very sensitive and failing to proliferate in a concentration as low as 10 M, whereas BG2-c6, Kc167 cells, and Mbn-2 cells are resistant to concentrations higher than 100 M ( Table 1 ). The adenosine resistance . In SFM, most Cl.8 ϩ cells are flat and round, and slowly die (A) whereas, in complete medium or SFM supplemented with 50 ng͞ml ADGF-A, they are elongated and develop pseudopodia (C and B). In SFM, S2 and BG2-c6 cells become flattened and survive with occasional division (E and I, respectively), whereas, in medium supplemented by 10% serum or in SFM supplemented with 50 ng͞ml ADGF-A, S2 cells grow rapidly and are only weakly attached to the surface. Addition of ADGF-A to SFM does not produce any morphological effect on BG2-c6 cells, but in the presence of 10% serum these cells grow very rapidly and form large clusters. 
Survival in the presence of 100 M adenosine, growth promoting activity of ADGF-A, and endogenous ADA activity were examined for five Drosophila cell lines. Note: fresh cultures of C1.8 ϩ cells and Kc167 cells have higher ADA activity than older overgrown cultures (data not shown).
of these cell types is correlated with their endogenous ADA activity ( Table 1) .
The positive effect of several active ADAs, including ADGF-A, ADGF-D, and bovine ADA, on the growth of Cl.8 ϩ and S2 cells (Figs. 4 D and H and 5B) suggested that these proteins might act simply by depleting extracellular adenosine. To test this possibility, we produced a ''minimal'' medium (MM; see Materials and Methods) that lacks the usual yeast supplement, and therefore has no known source of adenosine. This change in the medium dramatically increased survival, polarization, and proliferation of Cl.8 ϩ cells (Fig. 5C) , to a degree comparable to that seen with the ADA and ADGF treatments (Fig. 5B) . Addition of ADGF-A under adenosine-free conditions had no effect on growth (Fig. 5 G and H) , but, when adenosine was added to this medium, the cells rounded up and failed to proliferate (Fig. 5E ), and this effect was to some extent prevented when ADGF was added along with adenosine ( Fig. 5 F  and H) . The results show that extracellular adenosine blocks cell polarization and proliferation, and that these effects can be prevented by the addition of active ADA or ADGF.
Discussion
The six ADGFs constitute a family of proteins that may play important roles in the extrinsic control of tissue growth in Drosophila. These proteins are not related to known growth factors but instead show sequence and functional similarity to the enzyme ADA (Fig. 1a) . Like classical ADA, ADGF-A and ADGF-D catalyze the hydrolytic deamination of adenosine or 2Ј-deoxyadenosine to inosine or 2Ј-deoxyinosine, respectively, and thus could regulate adenosine and deoxyadenosine levels (14) . Recombinant forms of ADGF-A and ADGF-D promote survival, polarization, and proliferation of an imaginal disk cell line, and they are also mitogenic on at least one other Drosophila cell line derived from embryos and a Sarcophaga embryonic cell line NIH-Sape-4 (data not shown).
ADGFs Stimulate Cell Growth by a Novel Mechanism. Within the ADA͞ADGF family, mitogenic activity is correlated with ADA activity. Thus ADGF-A, ADGF-D, and bovine ADA are active ADAs and are mitogenic, whereas ADGF-E, Drosophila ADA, and a mutant form of ADGF-A lack enzymatic activity and are not mitogenic. Thus, these proteins apparently require catalytic activity for their mitogenic activity, making them unique among growth factors. Removing sources of extracellular adenosine can mimic their action on imaginal disk cells, and addition of adenosine inhibits growth, providing a clear indication that these proteins may promote growth by depleting extracellular adenosine.
Responses of Mammalian and Drosophila Cells to Adenosine. Extracellular adenosine and ADA affect various mammalian cell types in different ways. In severe combined immune deficiency, lack of ADA and the consequent accumulation of adenosine is associated with absence of T cells, decrease in B cells, and some hepatotoxicity (18) , but other organ systems are not significantly affected (19) . ADA knockouts in mouse also show widespread accumulation of adenosine associated with severe T and B cell loss as well as pulmonary insufficiency, and bone and kidney abnormalities (20) . Some of the abnormalities can be alleviated by administering ADA in both human (21) and mouse (22) disorders. Thus T and B cells may be negatively affected by extracellular adenosine in the same way as imaginal disk cells are. Adenosine, in the presence of ADA inhibitors, is also toxic to many human carcinoma cell lines (23) . In contrast, human endothelial cells show a different response: they are stimulated to proliferate by physiological concentrations (10 M) of adenosine and are inhibited by ADA (24, 25) . Adenosine at 10 M also promotes mesangial cell proliferation (26) . However, at the higher concentration of 100 M, adenosine causes apoptosis of endothelial cells (27) . These and other results suggest that extracellular adenosine levels must be finely regulated and that different cell types may have different adenosine optima. Different Drosophila cell types also respond differently to extracellular adenosine; in contrast with Cl.8 ϩ or S2 cells, the tested BG2-c6, Mbn-2, and Kc167 cells appear resistant to adenosine, and their proliferation is not significantly affected by either recombinant ADGF-A or ADGF-D. Measurements of ADA activity suggest that these cells may acquire resistance to adenosine by producing enough endogenous proteins, presumably ADGFs, with ADA activity (Table 1) . Thus, the different and highly tissue-specific expression patterns of the ADGFs in Drosophila may reflect a mechanism that has evolved to regulate extracellular adenosine levels locally, to provide appropriate environments for different cell types. Tissue Distribution of ADA in Drosophila and Mammals. The tissue distribution of ADA activity in mammals shows an interesting parallel to the expression pattern of ADGF-A in Drosophila. Although human ADA is expressed in all cell types, the enzyme activity is highest in gastrointestinal tract and lymphoid tissues (28) , analogous to the highest expression of ADGF-A in gut and lymph glands. It has been suggested that human lymphocytes are rich in ADA owing to the need for destruction of excess of adenosine (5) , whereas the gut expression might be a barrier against exogenous adenosine (29) . A similar distinction could be made in Drosophila. Because Drosophila ADA appears to have accumulated mutations blocking its catalytic activity, it seems likely that the ADGF family members have replaced this function. Thus, ADGFs could have evolved an expression pattern that best replaces the required ADA functions.
ADGF Subfamily Members in Other Species. ADGFs have homologs in other species that represent a subfamily distinct from classical ADAs. The first member of the family was identified from the culture medium of an embryonic cell line from the flesh fly Sarcophaga. Because it has a specific activity similar to that of mammalian growth factors, it was named insect-derived growth factor; it is expressed in embryos, larvae, and adult females. To avoid confusion with the unrelated proteins that have been published under the name IDGF in Drosophila (4), we refer to the Sarcophaga insect-derived growth factor as Sarcophaga ADGF-A (named after its Drosophila ortholog). Another family member [AGSA (atrial gland specific antigen)] was reported from the exocrine atrial gland of the mollusc Aplysia californica (30) and has also been reported as mollusc-derived growth factor (MDGF; ref. 31) . Homologous genes are expressed in the salivary gland of the tsetse fly Glossina (32) and the sand fly Lutzomyia (33) , and the Lutzomyia protein has been shown to be an ADA (34) . Closely related sequences are present in the silkworm Bombyx database SilkBase (http:͞͞www.ab.a.u-tokyo. ac.jp͞silkbase͞) and in a cDNA (AU037658) from the slime mold Dictyostelium.
The ADGF genes have a close human homolog, CECR1, strongly implicated in cat eye syndrome (35) , a disorder characterized by hypoplastic kidneys, congenital heart malformation, and anomalous pulmonary venous connections. The predicted gene product is 32-36% identical with the ADGFs, but only 17% identical to human ADA. The cat eye syndrome is associated with the duplication of a 2-Mb region of chromosome 22q11.2 (36) containing CECR1, and overexpression of the gene may play an important role in the disorder. The CECR1 region is deleted in DiGeorge syndrome, which is characterized by hypoplasia of the parathyroid glands and a deficit of T cells (37) . The abnormalities in both syndromes could be due to detrimental effects of extracellular adenosine that are not adequately regulated in these tissues by classical ADA.
